The conditions for accurate determination of the limit mixtures for propagation of flame having been established, the effect of the addition of 0-5 % of such promoters and inhibitors as ethyl nitrate, diethyl peroxide, nitrogen peroxide, ozone, ether, acetaldehyde, ethyl alcohol and methyl iodide on the upper and lower limits of hydrogen-air, methane-air, n-butane-air (and propagas-air) mixtures was investigated. It is shown that the effects obtained are accounted for if the heat which the additive can contribute to the total heat available in the burning of the mixture is included. The only distinct promoting effect was that of ethyl nitrate on the upper limits of n-butane and propagas. Methyl iodide had a definite inhibiting effect except with hydrogen mixtures at the lower limit. The appearance of the flames has been carefully recorded as it gives some indication of the nature of the com bustion process. The general inference is that pre-flame reactions have little influence on the limit mixtures, and that those mixtures are mainly determined by the heat available and consequently the temperature of the flame; inflammation being mainly caused by the radicals provided by the flame.
When mixtures of gases are too 'weak' in combustible they cease to propagate flame indefinitely, the flame dies out; when they are too 'rich', again the flame ceases to be propagated. Many investigations have been made on these lower and upper ' limit mixtures ': the results of such investigations have been summarized by Coward & Jones (1928) and the summary has been revised by them more recently (1938) . One object of the present work was to establish whether or not the composition of limit mixtures would be considerably affected by the addition of small quantities of other substances, 'promoters' or 'inhibitors' of combustion. When large quantities of fuel have to be burnt completely and rapidly in as small a space as possible (as, for instance, in the combustion chambers of turbo-jet engines) the addition of substances hastening the combustion might be beneficial, and if the limits of combustion were widened, the combustion might be more complete. A more fundamental object of the work however was to discover more about the reactions which lead to inflammation in a flame front; a t the limits the flame speeds are slow and if reactions occur prior to inflammation they may be influenced by 'promoters'. The current view of flame propagation is not th at ignition occurs in the unburnt gas owing to the heat conduction from the flame, but th at a certain critical number of reaction centres giving rise to a minimum rate of reaction must be formed in the flame front. Townend (1939) , for instance, suggests [ 172 ] th a t 'prom oters' might therefore have a considerable influence, particularly for limit mixtures. The outcome of this investigation, however, has been to show th a t the limits of propagation are mainly governed by the temperature of the flame and not to a marked extent by pre-flame reactions. No real advantages are to be derived by the addition of so-called 'prom oters', so far as limit mixtures are concerned. The investigation divides itself into two parts: p art I deals with the effect of small additions of different substances on the limit mixture compositions for several combustible gases, and part II with the influence of the physical properties of mixtures on the limits. An upper limit will be referred to as 'u.l.' and a lower limit as '1.1.'.
The limits of flame propagation at atmospheric pressure. I 173
E x p e r i m e n t a l (a) General conditions for limit determinations
The considerable discrepancies in the recorded data of limit mixtures are due in part to the different conditions in which the measurements were made. I t is well known th at below a certain diameter, the cooling effect of the wall of the tube influences the composition of the mixture which will propagate flame. The tubes must, therefore, be wide enough for this effect to be negligible. They must also be long enough to permit the products to cool behind the flame front, and to allow the criterion of continued propagation to be ascertained. White (1924) has shown that, for most mixtures, the wall effect is very small above 5 cm. tube diameter and th at a length of about 1-5 to 2 m. is sufficient. The mode of ignition makes some difference, but a naked coal-gas flame (1 in. jet of flame) drawn across the open end at the same time as the base plate is carefully slid away is usually satis factory: the other end of the tube is kept closed. The direction of propagation influences the limits and must always be stated, for it is not possible to avoid entirely the effects of convexion. In upward propagation the reduction in density in the flame front tends to favour propagation, the reverse is true for downward propagation, horizontal propagation being intermediate with an unsymmetrical flame front. Upward propagation gives better flame stability and consequently greater accuracy in limit determinations. Initial temperature influences the combustion limits, but room-temperature changes of a few degrees are insufficient to affect the results appreciably. The presence of water vapour may also influence the results, particularly with mixtures containing carbon monoxide, therefore the state of dryness of the mixture should be stated.
(6) Experimental details The limits for upward propagation were determined in a vertical pyrex glass tube approximately 1*5 m. long and internal diameter 5*3 cm. The leads to mano meter, gas storage vessels, oil pump, etc., entered through a cork which closed the tube at the top. This was rendered vacuum-tight with a coating of picene wax.
The bottom end of the tube was fitted with a brass cap which did not constrict the mouth of the tube and was closed by a ground brass plate (figure 1).
The gas mixtures were prepared in the tube by evacuating and admitting each component to the required partial pressure as measured by the manometer. The small quantities of promoter vapour (0-5 % of the total volume of the mixture) were first withdrawn from a small reservoir of the liquid into the evacuated tube. Room temperatures were 18±2°C ; and all mixtures were dried over calcium chloride.
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Sir A lfred E gerton and J. P ow lin g In order to mix the gases rapidly a small high-speed, vacuum-tight circulating fan of the centrifugal type was connected by 1 cm. bore glass tubes to the ex tremities of the combustion tube. The shaft of the fan was tightly packed with asbestos mixed with a non-volatile graphite grease. Although the top of the tube was strictly not a ' closed end the limited size of the vent, representing only about 3-5 % of the end area, together with the resistance in the leads and fan, prevented any appreciable flow of gas from the top of the tube during a combustion.
A small 1 in. jet of burning coal-gas provided the source of ignition a t the lower (open) end. The limiting concentration of a fuel in air for complete propagation throughout the tube was the mean value of the concentration (in percentage by volume of the gas in air) of the two mixtures, one which just completed combustion and one which just failed. On average, about twenty combustions were used to determine and check each limit. The error given in the tables which follow in the text, represents the reproducibility of the results under these experimental con ditions. The concentration of promoters was maintained a t 0-5% by volume in all the experiments; no attem pt has been made to study the influence of the variation of their concentration.
(c) Preliminary experiments with propagas-air I t was convenient to start the investigation by making a preliminary survey of the effects of various substances upon the limits of inflammability of a sample of propagas.*
The effect of 0-5% by volume of the following additives was tried: Diethylperoxide, because of its pronounced 'proknock' effect in concentrations as low as 10-4 mol. and because of the detection of peroxides in slow combustion products and even in flames. I t was prepared by Baeyer & Villiger's method, b.p. 58 to 59*7° C (625 mm.).
Ethyl nitrate (B.D.H. 'pure') because of its similar 'proknock' effect and its probable dissociation to C2H 50 radicals, similarly to ethyl nitrite.
Nitrogen peroxide, because it is a non-combustible peroxide with pronounced effect in lowering ignition temperatures.
Acetaldehyde, because it diminishes the ignition lag of hydrocarbons. Ether, for comparison with diethylperoxide. Ethyl alcohol, for general comparison.
(i) Results
The limits of propagation obtained expressed in percentage by volume of propagas in propagas-air mixtures are tabulated in table 1.
All the additives lower the 1.1. but, as this is expressed in terms of propagas only, no conclusions regarding possible catalytic effects should be drawn since the addition of any combustible material would be expected to reduce the amount of propagas required in the limit mixture. The nitrogen peroxide does not contribute in this way and the reduction of the limit from 2*55 to 2*41 % propagas might therefore be ascribed to a catalytic influence. Ethyl nitrate clearly has effect on the u.l., which is raised in spite of the increase in combustible material due to the promoter itself. Nitrogen peroxide also increases the u.l. slightly.
The alteration of the limits may be due to two separate influences (a) an increase in the combustible material, and (6) a further catalytic combustion-promoting mits of flame propagation at atmospheric pressure. I
activity. The two influences may be considered to be supporting each other towards the 1.1. and opposing each other at the u.l. Conclusions to be drawn from the above results will be discussed later in § 3. (ii) Description of the appearance of the flames There are considerable differences in the appearance of the flames; it is important to record differences as they provide information about the chemical and physical changes which occur, but the appearance of the propagas flames were similar to those obtained in butane mixtures which are described later (see p. 181).
(d) Hydrogen-air
The preliminary experiments with propagas mixtures were followed by a careful measurement of the effect of the same additives on limit mixtures of hydrogen, methane, and butane with air all under similar conditions.
The normal limits of inflammability of hydrogen in air were determined first for comparison with values found in the literature, which are many and varied and depend upon the conditions in which the measurements were made. Complete darkness was essential for observation of the flames which are only weakly luminous. At the 1.1. the flame front tends to break into 'pockets' of combustion, and these have to be distinguished from flame caps which rise, diminishing, through the tube in mixtures of weaker composition than th at of the lower limiting value. The criterion for indefinite propagation was th at the 'pockets' of flame should all be contained in an area normally occupied by a uniform flame front (as opposed to burning individually and irregularly through the gas) and th at they should not diminish as they progressed up the tube.
In tubes of 5 cm. diameter, White (1924) gives the 1. In addition to the substances already mentioned, ozone, which has been found to be a strong proknock, was included as a promoter, and methyl iodide as an inhibitor. Ozone has been supposed to be a chain carrier in CO oxidation by Lewis & von Elbe (1937) ; methyl iodide suppresses explosive and slow oxidation of hydro carbons, carbon monoxide and hydrogen, by removing hydrogen atoms and other free radicals.
For ozone a modification of the apparatus was, of course, necessary. As far as possible glass was used throughout and both ends of the tube were protected by hard paraffin wax. The metal fan box had to be eliminated, mixing being effected by rocking a glass sphere up and down the tube.
The ozone was prepared by passing oxygen, dried over P 20 5, through a powerful silent discharge across the annular space in a Berthelot tube and was stored over concentrated sulphuric acid in a glass gasholder. Decomposition in the storage vessel was quite slow, approximately 10 % of the ozone decomposing in 24 hr. The dilute ozone was analyzed immediately before use and the appropriate amount of oxygen-ozone mixture introduced into the combustion tube. Oxygen and nitrogen were added to bring the gases in the tube, apart from the fuel, to the composition of air, the ozone being considered as oxygen. Experiments were carried out to determine the maximum amount of ozone decomposed in the gas leads and combustion tube before ignition. For 1.1. concentrations decomposition was found to be between 5 and 6 % of the ozone. For 1 min. delay in igniting the mixture, decomposition increased to about 12%, for 5 min. delay to 17%. The concentration of ozone needed to introduce 0-5 % of the total volume of the mixture into the u.l. hydrogen mixtures was higher than could be conveniently obtained.
The limits of flame 'propagation at atmospheric pressure. I
(i) Results
The results for the limits of propagation for hydrogen mixtures are summarized in table 2. Diethyl peroxide and ethyl nitrate reduce both the upper and lower limits, a behaviour compatible with the mere addition of extra combustible material. Increasing quantities of N 0 2 lower the u.l. proportionally, but a linear relationship is not obtained at the 1.1. These 1.1. figures for N 0 2 differ by very little from the normal value. The effect of methyl iodide appeared to be confined to the upper limit.
(ii) Description of the appearance of the flames The 1.1. flames without additives were barely visible and pale blue in colour. The flames towards the upper limit were considerably faster. They were also slightly more luminous. The appearance of the flames was not altered radically by the additives (except methyl iodide), but colour changes were observed and the flames were more luminous.
Ethyl nitrate and nitrogen peroxide imparted the usual yellow-green coloration to the flames towards the 1.1., but those near the u.l. consisted of a blue flame front with the addition of a grey-green tail: the absence of oxygen atoms in the flame of the rich mixture is indicated, cf. Gaydon (1944) . It was particularly noticeable with ethyl nitrate th at the 1.1. flames no longer burned in ' pockets '. W ith a decrease of hydrogen content from 4-0 to 3-7 % approximately (+ 0*5 % ethyl nitrate), the size of the flame decreased proportionally from almost filling the diameter of the tube to a small hemispherical flame, about f in. in diameter, rising up the centre of the tube. The limit for indefinite propagation was rather difficult to judge; 3-92 % was decided as the likely minimum percentage. A vibratory motion of the flame attended nitrogen peroxide additions to u.l. mixtures.
The change of flame character was most pronounced in the case of methyl iodide. Above 5% hydrogen (4-0-5% methyl iodide) a coherent flame front was observed consisting of multicoloured streaks and elongated pockets of flame, the predominant colours being orange and green. These became individual pockets and diminished in size and number with a decrease in hydrogen concentration until the limit was reached, when they began to burn independently throughout the gas. The flames near the u.l. in the presence of methyl iodide (the limit was lowered considerably) were noisy owing to the resonance of the rapid vibrations of the flame front, and consisted of a blue flame front with a long conical orange tail. A long tail can be either indicative of a slow after-burning or of a slow cooling of radiating products. Hydrogen iodide and iodine were liberated in both the flames.
(iii) Limits of nitrous oxide-hydrogen mixtures
Replacement of the oxygen in the air by an equal volume of nitrous oxide was found to have no effect on the position of the 1.1., although the u.l. was reduced far beyond the point expected as a result of halving the oxygen content of the system (i.e. 1 mol. N20 replacing 1 mol. 0 2). Doubling the N20 percentage only brought the u.l. to 65-8% hydrogen and narrowed the 1.1. to a small extent. The 1.1. flames were very similar in appearance to the normal hydrogen flames. The flames towards the u.l. had an unusual and very definite structure. The hemi spherical front was blue and followed by a conical orange glowing tail. They were very much slower than the normal u.l. hydrogen flames.
(e) Methane-air
The study of the combustion of limit mixtures commenced in D avy's time with measurements made on methane mixtures; ever since then numerous measure ments have been made on such mixtures, but the results were very discrepant until Coward established the conditions necessary for concordance. The mean of the best values in the literature for the limits in a 5 cm. tube for upward propagation are 5-3 to 14-3; (Coward & Brinsley (1914) obtained for the 1.1. 5-32 for a 10 in. cylindrical tube 7 ft. long.)
The effect of additives was similar to th at obtained with the hydrogen-air system with two exceptions: (a) nitrogen peroxide raised the u.l. from 14-3 to 14-9%. The u.l. of hydrogen was progressively lowered by increasing N 0 2 additions; (b) methyl iodide raised the 1.1. from 5-26 to 6-29%, whereas the hydrogen 1.1. was unaffected by methyl iodide. The results are given in table 4. The limits of flame propagation at atmospheric pressure. I (ii) Description of the appearance of the flames The normal methane flames towards the 1.1. were blue hemispherical shells, not very definitely shaped. They did not quite touch the walls of the vessel and no tail was visible.
The u.l. flames were longer and more definite in shape. A faint dark-red glowing tail, fairly short, was visible. As the mixture strength approached the theoretical value for complete combustion, the flames acquired the usual green tinge, indicating Swan bands, and the tail became more obvious.
One striking difference was noted in the character of the 1.1. flames of methane with ethyl nitrate or nitrogen peroxide. As the 1.1. was approached, the flame no longer assumed its usual form, but became more diffuse and burnt in a long column Vol. 193 . A. which progressed up the tube. The absence of a definite flame front was conspicuous. This occurred to a lesser degree at the u.l. The characteristic emission from the reaction NO + 0^N 0 2 + hv was apparent in both instances. No secondary reaction emitting visible light was noticed behind the flame fronts of methane or hydrogen flames in the presence of ethyl nitrate or nitrogen peroxide, whereas with propane and butane this was plainly visible. If the glow is due to hot N 0 2, the flame tem peratures of limit mixtures of both methane and hydrogen must be considerably less than those of propane and butane. In the presence of methyl iodide the 1.1. flames consisted of a blue-green flame front followed by a long conical orange glow.
(/) n-Butane-air w-Butane was next chosen for study, being typical of the higher normal hydrocarbons in its combusion behaviour. For 5 cm. tubes, the limits for upward propagation (1-86 to 8*41) were given by Coward, Jones, Dunkel & Hess (1926) .
A sample of pure w-butane was obtained by fractionation of a commercial material in a specially constructed column. The w-butane boiling from 0 to 1*5° C was collected and stored in a small cylinder.
(i) Results
The limits of combustion of the w-butane with air in the 5-3 cm. tube were found to be 1*93 to 9-05% (upward propagation).
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Sir A lfred E gerton an d J. P ow lin g Table 5 % vol. butane Diethyl peroxide depressed the 1.1., but not more than would be expected from the addition of extra combustible (see later). The u.l. was raised more than is obvious since the equivalent u.l. of the mixture reckoned as butane would have been 9*63.
Ethyl nitrate did not lower the 1.1. quite as much as diethyl peroxide but the rise in the u.l. was considerably greater. This effect does not appear to be due to peroxide liberated, because addition of the latter has only a small effect on the u.l. and hardly any on the 1.1. N itromethane(which probably dissociates into CH3 and N 0 2) has much less effect than ethyl nitrate, but a rather greater effect on the u.l. than nitrogen peroxide when allowance is made for the addition of combustible.
Ether has about the same effect as ethyl peroxide on the 1.1., but an effect in the opposite direction on the u.l.
Acetaldehyde had only a small effect. Ethyl borate had no real promoting effects (see p. 188).
Lead tetraethyl could only be introduced as a trace (about 0-0003%) since its v.p. a t 17° C is only 0-216 mm., but both limits were slightly inhibited.
Summarizing the apparent effects of these additions on the combustion limits of butane recorded in table 5, ethyl peroxide and ethyl nitrate widen the com bustion range at both limits, ether at the 1.1. only, N 0 2 and nitromethane a t the u.l. only, while methyl iodide narrowed both, particularly the u.l. However, as will be shown later, allowing for the thermal effect of the additives, catalytic influences seem to be confined to the u.l.
(ii) Description of the appearance of the flames
The butane flames towards the 1.1. were blue hemispherical shells filling the diameter of the tube completely. (Methane and hydrogen 1.1. flames did not reach the walls of the tube.) The u.l. flames were of quite a different character being longer, less luminous and not touching the walls. Slightly less rich u.l. mixtures showed in the centre part of the flame yellow-white luminosity due to incandescent carbon particles.
Diethyl peroxide did not change the 1.1. flames near the limit, but mixtures richer than 1-68 % easily acquired a vibratory character ending in mild explosion. In spite of the greater heat of combustion of butane itself, an equal volume of butane did not give rise to such a fierce burning mixture. A dark reddish tail to the flame was noticed in mixtures just above the 1.1., but this showed itself even when diethyl peroxide was not present. The u.l. mixtures with diethyl peroxide were not visibly different from those without the addition.
Ethyl nitrate gave bright cream coloured 1.1. flames tinged pale green at the rim touching the tube walls and followed by an orange glowing tail. The u.l. flames were increased in length; the definite flame front was lost and a column of flame moved up the centre part of the tube. Mixtures of about 10-4% butane with 0-5 % ethyl nitrate were indistinguishable from the butane flames alone, the absence of the characteristic N 0 2 coloration was conspicuous. As the percentage of butane was increased, the carbon luminosity in the centre decreased and a faint N 0 2 coloration could be observed. Oxygen atoms cannot therefore be playing an important role in this u.l. combustion. These weak flames continued to burn in mixtures beyond the normal u.l. in spite of the increased fuel concentration due to the ethyl nitrate.
The change in flame character produced by nitrogen peroxide and nitromethane was the same as with ethyl nitrate and so this may be attributed entirely to N 0 2; no NO oxidation coloration was observed in the u.l. flames, but only at the 1.1.
The addition of ether and acetaldehyde did not change the appearance of the flames. The addition of methyl iodide gave a creamy blue 1.1. flame front with a long deep orange tail. The u.l. flames were unusual in shape having a green tinged front with a blue rim tailing off into a reddish glow at the base of the flame.
Ethyl borate caused 1.1. flames to be tinged an intense green and were otherwise like those to which methyl iodide had been added. The u.l. flames were unchanged by the addition.
Lead tetraethyl coloured the 1.1. flames grey-blue and provided a long greenish white tail. The u.l. flames were again unchanged in appearance.
(g) Lower limits of ethyl nitrate and ethyl nitrite The 1.1. mixtures of these substances by themselves, as quoted from the literature, are discrepant:
Lower limit of ethyl nitrate 3-8% (Le Chatelier & Boudouard 1898). Lower limit of ethyl nitrite 3*01 % (A. G. White 1922). The 1.1. of these two substances were therefore redetermined and found to b e: 4-00% (+ 0-03) for ethyl nitrate (b.p. 87° C). 4*11 % ( + 0*03) for ethyl nitrite (b.p. 17 to 18° C). The quite small difference found in the limits is compatible with their minor structural differences.
The flames of both these compounds were similar in appearance to those of lower limit butane mixtures containing ethyl nitrate but the colorations were somewhat more intense.
Interpretation of the experimental results
The quotation of limits, in terms of percentage by volume of the fuel only, does not truly reveal the catalytic influences th at may be operative because of the contribution made by some of the additives to the total fuel content. The effective ness of a non-combustible promoter is immediately apparent from the limit figures, but if it is itself inflammable, then any combustion promoting or inhibiting in fluences are masked. At the 1.1. all positive effects with combustible promoters would be confused, and a t the u.l. all but the more powerful effects, where the limit is raised in spite of the increase in fuel concentration, would be concealed. For instance, the u.l. in presence of the promoter may be lower than the normal limit, yet a higher percentage of total combustible may be present. A basis for comparison of the mixtures is required in which the two factors-catalysis and change of fuel concentration-may be distingished.
The usual basis for comparison is to establish whether the mixture obeys Le Chatelier's rule th a t 'all mixtures of limit mixtures are limit m ixtures'. This rule has been put to the test over a wide variety of substances. Le Chatelier & Boudouard (1898) showed th a t it held for mixtures of acetylene and carbon monoxide which have very different combustion characteristics. Coward, Carpenter & Payman (1919) using upward propagation showed th at it held approximately for upper and lower limit mixtures of hydrogen, carbon monoxide and methane. White (1922) made an extensive investigation and showed th a t the rule held for many vapour mixtures a t both limits, but not always for upward propagation at the u .l.; also when substances present in the mixture gave rise to cool flames, then the rule did not hold.
I t is rather remarkable th a t the rule is so comprehensive: it seems th a t the combustion mechanism belonging to a substance which influences the slow com bustion or ignition behaviour of another combustible substance, must be having very little effect on limit mixtures of such substances. Le Chatelier & Boudouard (1898), Burgess & Wheeler (1911) and particularly White (1924) have all drawn attention to the fact th a t the combustion heat per mol. of limit mixture is nearly constant for many different mixtures, and this fact is the significant one in seeking an explanation of the wide application of Le Chatelier's rule. I t would have been possible to test the application of Le Chatelier's rule in the case of the additives here used, but the quantities added were small and the limits of the individual additives were not always available. I t was, therefore, preferable to find the change in the total combustion heat due to the presence of the com pound added. The total heat of combustion of a mixture, although it may not be fully operative, is the main factor controlling the limits and is taken as a measure of the amount of fuel present in any mixture and provides a means for comparison. The two limits will be dealt with separately. Table 6 gives the calorific values of all the 1.1. mixtures investigated in this work; a lower figure for the complex mixture than for the fuel alone indicates a promoting influence on the part of the additive.
(i) Lower limit mixtures
The limits of flame propagation at atmospheric pressure. I no appreciable effect on the physical properties of the mixture, and any departure outside the experimental error from the line drawn through the values for the hydrocarbons would indicate a specific effect on the reaction mechanism. Those mixtures corresponding to points which lie to the right of the line may be considered as burning with greater readiness than those to the left, since they propagate flame in mixtures with less heat available.
The graph reveals th a t there are no im portant catalytic effects at the 1.1. Some minor positive effects are apparent, notably with nitrogen peroxide, but some of the additives, in spite of their positive influences on ignition and knock, tend to inhibit slightly rather than promote. This was contrary to expectation, since the presence of potentially active centres from organic peroxides, nitrates, etc. in the heated gas ahead of the flame might have been expected to increase the number of chains started and facilitate combustion. The negative effects are not large except with methyl iodide and all points lie quite close to the reference curve. I t appears therefore th a t the principal factor governing flame propagation towards the lower limit of inflammability is the heat available in the mixture.
The effect of ozone is also interpreted thermally. I t is assumed to decompose in the flames which already contain excess oxygen and a high proportion of diluent nitrogen, according to 0 . -1-5 0 , + 34-5 kcal.
The heats of combustion of the mixtures containing 0 3 were calculated on this basis, and for the methane mixture the point lies directly on the reference curve.
Minor influences of the promoters on the 1.1. as detailed in the following three paragraphs are noticeable, although in the main there is little effect.
In the methane mixtures the peroxide behaved very similarly to ether, both slightly inhibiting the reaction. Ethyl nitrate appeared to have a very slight promoting influence, but when it is considered th at nitrogen peroxide alone had a greater effect, no positive activity could be attributed to. the ester itself.
W ith propagas as the fuel, the behaviour of ether and diethyl peroxide was no longer similar; whereas the ether seemed to inhibit the reaction slightly, the peroxide had but little effect. The ethyl nitrate again appeared to have but a slight positive influence, which was small in comparison with th at of nitrogen peroxide.
In the butane system only the ethyl nitrate had a small promoting influence. Nitrogen peroxide appeared to have a small opposite effect here, so the activity of the ethyl nitrate cannot in this instance be attributed to this part of the molecule.
The figures obtained with hydrogen mixtures are not included on the graph. The behaviour of hydrogen in upward propagation is quite exceptional; the flame is propagated very readily. Goldman (1929) has explained the peculiar mode of the upward flame propagation in 1.1. hydrogen flames by showing th at the com bustion is maintained in small rising regions of burning gas by diffusion of the hydrogen, in preference to other gases, into those centres of activity; thus the flame is maintained with quite a low percentage of hydrogen in the mixture. For down ward propagation, the limit is 9-0%, and this figure would be more in keeping with the figures used for other gases, as there is only a small difference between upward and downward limit compositions for the hydrocarbons. Nevertheless, though nearer, this would also be somewhat off the curve (figure 2). The figures in table 6, however, show th at the effect of the additives is mainly thermal, and th at no promoting effects are obtained, except a very slight effect with nitrogen peroxide.
There is no inhibiting effect of methyl iodide on the 1.1. of hydrogen, although it has a marked effect on the appearance of the flame.
(
ii) Upper limit mixtures
There is much more uncertainty in ascertaining the real effect of the additives on the upper limits; although all the oxygen is consumed, it is not found in the products entirely as carbon dioxide and water. A rather crude estimate of the effect of promoters on u.l. mixtures may be made by finding the heat theoretically available from the mixtures, compared with that from the fuel-air mixtures without additives. A promoting influence is then detected by a figure smaller than th at for the fuel alone, indicating that flame is propagated in the mixture although less heat is liberated per unit volume.
The heat of reaction in kcal./mol. of the limit mixture is obtained assuming th at all the oxygen in the very rich mixture is consumed.
The fraction: (% 0 2) x (net heat of combustion of fuel/mol.) (no. of 0 2 mol. for complete combustion of 1 fuel mol.) x 100 does not represent the actual amount of heat evolved, for all the oxygen is not burnt to C 02 + H20 , but it can be used for comparison of effect when the quantity of additive is small. The two columns of figures in table 7 give the available heat estimated in two ways. The first is based upon the free oxygen content of the m ixtures; the second column shows the heats allowing for the dissociation of the promoter to simple products stable in rich mixtures. Any oxygen liberated during the decomposition is considered to be consumed by the hydrocarbon. table 7 show th at the reduction of hydrogen in the rich mixture is greater than th at required to compensate for the reduction in free oxygen content due to the additive.
The effects of the promoters on the methane upper limit are small and indefinite. The heat available in mixtures containing diethyl peroxide and ethyl nitrate is less than normal if calculated on a free oxygen basis, but taking into account decomposition of the promoter, a similar or greater amount of heat is required for flame propagation in the mixture compared with the normal limit mixture. No significant positive catalysis appears to be present. The small increases due to nitrogen peroxide and ozone may be explained by the extra oxygen available from the promoter. The propagas and butane systems are almost identical in their response to the promoters. Table 7 indicates that ethyl nitrate exerts a definite positive catalytic influence on the u.l.'s, and th at N 0 2 and nitromethane have a somewhat similar effect. Diethyl peroxide and ether have no appreciable effect.
I t is curious th at ethyl nitrate appears to have effect and the peroxide little, if any. Its activity is probably not due to oxides of nitrogen, as N 0 2 has been shown to have but a small promoting influence. The flames with the ethyl nitrate and peroxide additions did not have the same appearance.
An attem pt to find out whether the activity of ethyl nitrate was due to ethoxy radicals was made by testing the effect of additions of triethyl borate. There was a lowering of the u.l., indicating inhibition if anything, but this might have been due to the boron-containing radicals overcompensating for any effects of the ethoxy radicals.
The observations of White & Price (1919) are relevant; they investigated the effect of diethyl peroxide and ethyl hydrogen peroxide on the limits of air mixtures, and found th at the 1.1. was unaffected, but the u.l. (for downward propagation) was slightly raised when a considerable quantity of the peroxides was added. (The peroxides were counted as ether in the mixtures.)
Although large positive catalytic effects observed in this work have been limited to the effect of ethyl nitrate on the u.l. of the higher hydrocarbons, methyl iodide acted as an inhibitor with all the fuels. Both upper and lower limits were affected, except the hydrogen lower limit which, in terms of hydrogen, remained unchanged. The iodide was dissociated and no doubt the combustible part of the molecule was burnt, so even here the 1.1. mixture was richer in fuel than usual. The inhibition is not entirely explained on the grounds that it abstracts heat from the system for its dissociation, or by its high specific heat. If this were so, the difference in the heat available in the limit mixtures with and without methyl iodide would be constant and independent of the fuel; table 7 shows th at this is not so. The in hibiting action of methyl iodide is generally due to the removal of chain carriers such as alkyl radicals by the halogen which is the active part of the molecule. Flame speeds remain slow as the theoretical mixture is approached if methyl iodide is present, but the visible radiation increases in intensity and the length of the 'ta il' radiating after passage of the flame front also increases. West & Miller (1940) have found evidence for a resonance transfer of energy from fluorescent hydrocarbons in solution to alkyl iodides, which suggests a similar deactivation in the gas phase of energy-rich hydrocarbon molecules essential to chain pro pagation.
Although such promoting effects as have been found on lower and upper limits have been small, the response to additives has tended to increase in the direction of the higher hydrocarbons.
(iii) Discussion of the appearance of the flames The characteristics of the flames have been described carefully in §2. All 1.1. flames for upward propagation were of the same structure, consisting solely of thin blue hemispherical shells which remained unchanged by any of the additives except methyl iodide and those compounds giving rise to> nitrogen peroxide. The stability and tenacity of shape of the 1.1. flames increased from hydrogen to butane.
I t is clear th at with hydrogen and methane \vhen there is excess of oxygen, the reactions in the flame are not continued far behind the flame front, and th a t there is appreciable heat loss in the neighbourhood of the walls. W ith propane and butane, the flames are hotter, so there is no gap and the products of the additives are excited by the hotter products behind the flame.
The u.l. flames showed much more variation. Hydrogen flames were almost flat, and frequently vibratory. They completely filled the tube. Methane u.l. flames showed a tendency to elongate, the blue flame front becoming a paraboloid, followed by a short reddish conical tail. Propane and butane flames were quite unlike the 1.1. flames; they were very long and the flame front was only faintly luminous, although the centre of the flames, especially just beneath the dome of the flame, showed the smoky yellow luminosity of incandescent carbon. The structures of the u.l. flames were on the whole more sensitive to the additives than the 1.1. flames. I t is significant th at although there may be no influence on the limits, the presence of the additive often alters the flame characteristics (e.g. ethyl nitrate on hydrogen flames, see p. 178). The relation between the upper and lower limit flames is considered in part II.
Conclusion
I t has been found that the presence of promoters in the gas ahead of the flame has little specific influence on the propagation limits. It is therefore probable th at the main criterion for inflammation is the maintenance of a sufficient rate of reaction and heat release in the flame, providing thereby sufficient active radicals to inflame the entering gases. The appearance of the upper and lower limit flames show that, after inflammation occurs, the additives may influence the flame characteristics, particularly in the upper limit region. Only with methyl iodide (inhibitor) and ethyl nitrate (promoter) was there any indication of action prior to entry and even in those cases the action may be due to an influence on the rate of reaction in the flame and therefore on the flame boundary temperature. The conclusions of this work are in agreement with earlier work, particularly th at of White ( l o c. cit.) who showed th at there was no relation between limits for pro pagation of flame and ignition temperature as ordinarily determined. The particular reaction mechanisms determining ignition seem to have little connexion with the power to propagate flame.
Since the heat of combustion is the main factor determining the composition of the limit mixture, it was of importance to study the physical properties of limit mixtures, an extension of the investigation in this direction is described in part II, at the end of which acknowledgements are made.
The limits of flame propagation at atmospheric pressure. I
